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The  role  of  protein  kinase  C  PKC  in  B  cell  activation 
is  controversial.  These  studies  were  undertaken  to  de¬ 
termine  whether  protein  kinase  C  has  a  stimulatory  or 
inhibitory  role  in  B  cell  activation.  We  found  that 
treatment  of  B  cells  for  a  short  period  of  time  (30  min) 
with  the  PKC  activator  phorbol  12,13-dibutyrate 
(PDBU)  primed  the  cells  for  enhanced  proliferative 
responses  to  anti-immunoglobulin  (anti-Ig)  antibody 
whereas  treatment  for  a  longer  period  of  time  (3  h  or 
more)  resulted  in  suppression  of  proliferation.  The  en¬ 
hanced  proliferative  resi>onse  to  treatment  of  B  cells 
with  PDBU  for  short  periods  of  time  was  associated 
with  inhibition  of  anti-Ig-stimulated  increases  in  phos¬ 
phatidyl  4,5-bisphosphate  (PIPj)  hydrolysis  and  inhi¬ 
bition  of  increases  in  [Ca^Cl  indicating  that  activation 
of  PKC  per  ae  might  sufficient  for  enhancing  B  cell 
activation.The  time-dependent  effect  of  phorbol  esters 
on  the  inlumtion  of  B  cell  proliferation  was  found  to 
be  closely  cAnelated  with  the  kinetics  of  disappearance 
of  PKC  as  ndpnired  by  Western  blot  and  by  enzymatic 
activity  bat  not  with  inhibition  of  [Ca^*]/  and  PIPz. 
These  data  demonstrate  a  bimodal  time-dependent  ef¬ 
fect  of  PDBU  on  B  cell  activation  and  suggest  that  (a) 
the  inhibitory  effect  of  phorbol  ester  on  anti-Ig-in- 
duced  proliferation  may  be  due  to  the  disappearance  of 
PKC  rather  than  to  the  inhibition  of  PIP*  and  Ca®*; 
and  (b)  the  early  activation  of  PKC  is  a  stimulatory 
rather  than  an  inhibitory  signal  in  the  induction  of  B 
lymphoc3^e  proliferation  by  anti-Ig. 


The  role  of  PKC‘  in  influencing  proliferation  of  B  lympho¬ 
cytes  is  controversial;  evidence  has  been  presented  which 
suggests  that  PKC  may  have  a  stimulatory  or  inhibitory  role. 
Thus,  treatment  of  B  lymphocytes  with  phorbol  esters  inhibits 
anti-immunoglobulin  (anti-Ig)-mediated  increases  in  phos- 

*  This  work  was  supported  in  part  by  the  Uniformed  Services 
University  of  the  Health  Sciences  Research  Protocols  R083BQ  and 
R083DR;  National  Institutes  of  Health  Grants  ROl  AI24273,  ROl 
AI27465.  and  CA48667-03;  Office  of  Naval  Research  and  Develop¬ 
ment  Command  N0(X)7588WR00068;  and  Naval  Medical  Research 
Institute  Grant  N6422388WR00034.  The  costs  of  publication  of  this 
article  were  defrayed  in  part  by  the  payment  of  page  charges.  This 
article  must  therefore  be  hereby  marked  “advertisement”  in  accord¬ 
ance  with  18  U.S.C.  Section  1734  solely  to  indicate  this  fact. 

S  To  whom  correspondence  should  be  sent. 

‘  The  abbreviations  used  in  this  paper  are:  PKC,  protein  kinase  C; 
PDBU,  phorbol  12,13-dibutyrate;  PIPj,  phosphatidyl  4,5-bisphos¬ 
phate;  [Ca’*)),  concentration  of  intracellular  ionized  calcium;  PMA, 
phorbol  12-myri8tate  13-acetate;  HEPES,  4-(2-hydroxyethyj)-l-pi- 
perazineethanesulfonic  acid;  EGTA,  |ethylenebis(oxyeihylenc- 
nitrilo)]tetraacetic  acid;  sig,  surface  immunoglobulin. 


phatidylinositol  bisphosphate  (PIPj)  hydrolysis  and  intrac, 
lular  ionized  calcium  [Ca®*)j  as  well  as  cell  proliferation  (1 
3).  These  results  led  to  the  suggestion  that  PKC  has  a  negative 
regulatory  effect  on  the  early  events  associated  with  induction' 
of  mitogenesis  in  B  lymphocytes  (4,  5).  Conversely,  the  po^ 
sibility  that  activation  of  PKC  in  B  cells  may  be  stimulatory; 
rather  than  inhibitory  to  anti-Ig-mediated  stimulation  of  B 
cell  proliferation  is  supported  by  the  findings  that  stimulatory^ 
concentrations  of  anti-Ig  antibody  induce  hydrolysis  of  PIP,, 
with  subsequent  release  of  diacylglycerol  (1-3,  6,  7),  TIm 
intracellular  mediator  stimulates  PKC  activity  (8)  and  in^ 
duces  the  rapid  phosphorylation  of  numerous  cytoplasmic^;^ 
proteins  (9,  10),  enhanced  expression  of  a  number  of  onebi; 
genes  (11,  12),  and  facilitation  of  B  cell  entry  into  Gl  or  S.i 
Some  of  these  early  events,  which  can  also  be  stimulated 
phorbol  ester- mediated  activation  of  PKC  (13-15),  appear^ 
therefore  to  herald  cell  activation  rather  than  suppression  of.^ 
activation.  This  model  of  PKC-dependent  B  cell  activation 
has  been  verified  by  a  number  of  investigators  who  ha^ 
demonstrated  that  B  cell  proliferation  can  be  stimulated.^, 
the  combination  of  phorbol  esters  and  calcium  ionopbori^ 
(16-19).  Likewise,  this  combination  has  also  been  shown  to 
mimic  anti-lg-mediated  inhibition  of  the  growth  of  the  B  cell;-  ■ 
line  WEHl-231  (20).  % 

In  the  current  study  we  used  phorbol  ester,  a  PKC  activator, 
as  a  tool  to  study  whether  PKC  has  a  stimulatory  or  inhibitory 
role  in  B  cell  activation.  We  demonstrate  that  phorbol  estet 
can  exert  both  stimulatory  and  inhibitory  effects  on  B  cell'^f! 
proliferation  depending  on  the  length  of  exposure  of  the  cells^^ 
to  it.  The  implications  of  these  observations  for  understanding  ^ 
the  role  of  PKC  in  stimulation  or  inhibition  of  B  cell  activa-  ' 

tion  are  discussed.  -i; 

.1 

EXPERIMENTAL  PROCEDURES 


Eight -week -old  DnA/2  mice  were  purchased  from  Jackson  Labo-  : 

ratories  (Bar  Harbor,  ME).  - 

> 

Reagents 

PMA,  PDBU,  and  ionomycin  were  purchased  from  Sigma.  Mono- 
clonal  antibodies  were  grown  as  ascitic  fluid  in  nude  mice  and  wew.  jS 
prepared  as  described  previously  (21 ).  The  antibodies  used  were:  anti- 
Thy  1.2  (clone  30  H12)  (22),  anti-CD4  (clone  GKl.5)  (23).  and  anti- 
CDS  (clone  53-6.7)  (22).  The  mouse  monoclonal  antibody  against  rat 
Ig  «,  chain  Mar  18.5  (24),  was  produced  by  cells  grown  in  tissue; 
culture.  The  monoclonal  antibody  (Hi'/D  (25)  with  specificity  fef' 
the  heavy  chain  of  IgD(i)  was  grown  in  nude  mice  and  t)>e  monoclonal^ 
nnii-Fcy  receptor  (24G2)  (26).  Dithiothreitol  and  leupeptin  wei** 
purchased  from  Roehringer  Mannheim.  Aprotinin,pq>statitv, soybean; 
trypsin  inhibitor,  EGTA,  KDTA,  phosphatidylserine.CaCl^and  ATP, 
were  purchasetl  from  Sigma.  Triton  X-lOO  was  obtained  from  Pierca: 
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Chemical  Co.  17-”P1ATP  (3,000  Ci/mM)  was  supplied  by  Du  Pont. 
Millititer  filtration  plates  were  purchased  from  Millipore  Corp.  (Bos- 
•  ton,  MA). 

Cell  Cultures 

B  Celt  Purification — B  cells  were  purified  as  described  previously 
(211.  Briefly,  single  cell  .suspensions  of  spleen  were  washed  three 
times  in  RPMI  1640  plus  10%  fetal  calf  serum  (Flow  Laboratories, 
.McLean,  VA)  and  treated  with  the  following  antibodies:  monoclonal 
•1  Thy  1.2  (1  /ig/ml),  anti-CD4  (2.5  *ig/ml),  and  anti-CD8  (1:400 
on  of  ascitic  fluid),  respectively,  per  10’  .spleen  cells  for  .30  rain 
..:i  .,e  followed  by  treatment  with  newborn  rabbit  complement  (10%) 
(IVl-Freez,  Rogers,  AR)  in  the  presence  of  a  1:10  dilution  of  tissue 
culture  fluid  containing  the  anti-rat  <  chain  monoclonal  antibody 
MAR  18.5  at  37  *C  for  45  min.  Small  resting  B  cells  were  prepared 
as  follows.  Five  ml  of  50,  60,  65,  and  70%  Percoll  were  layered  in  a 
.50-ml  centrifuge  tulie.  Three  ml  of  a  spleen  cell  suspension  that 
contained  3  X  10*  T-depleted  spleen  cells  was  layered  over  the  50% 
Percoll,  and  the  tubes  were  placed  on  ice  for  15  min,  after  which  they 
were  spun  at  3,000  rpm  for  15  min.  The  cells  that  banded  between 
I  he  65  and  70%  Percoll  layers  (density  of  1.0815-1.086)  were  isolated 
i  were  used  routinely  in  all  assays. 

(V/f  Proliferation — B  cells  were  cultured  for  2  days  in  a  final 
...me  of  0.2  ml  of  modified  Mishell-Dutton  medium  in  flat  bottom 
‘.Id-well  trays  (Nunc,  Inter  Med,  Thousand  Oaks,  CA).  [^H]Thymidine 
( I  I  (jCi)  (Amersham  Corp.)  with  a  specific  activity  of  20  Ci/mmol 
was  added  to  the  cultures  .for  the  final  18  h,  and  cultures  were 
harvested  with  a  PhD  Cell  Harvester  (Cambridge  Technology,  Water- 
town.  .MA)  onto  glass  fiber  filters.  The  specific  incorporation  of 
thymidine  was  analyzed  by  liquid  scintillation  counting,  and  the 
results  aii  expressed  as  the  arithmetic  mean  of  triplicate  cultures. 

Measurement  of  fCa^'f, — 2.0  X  10’ cells  in  1  ml  of  HEPF.S-buffered 
KPMI  with  3%  fetal  calf  serum  were  loaded  with  1.5  pM  indo  1  for 
nin  at  37  "C.  Cells  were  then  washed  and  resuspended  in  15  ml  of 
‘ES-buffered  RPMI  with  3%  fetal  calf  serum.  Tubes  with  0.5  ml 
ells  were  prewarmed  to  37  *C,  and  individual  cells  were  analyzed 
at  -iOO  celLs./s  for  changes  in  [Ca’*|,  as  described  previously  (27). 
.Samples  were  analyzed  for  1  min  to  establish  an  appropriate  base 
line  after  which  the  ligand  was  added  at  the  indicated  concentration 
(>ig/ml)  of  anti-3-dextran  or  unconjugated  anti-i,  and  analysis  was 
continued  for  an  additional  5  min,  30  s.  The  ratio  of  violet  to  blue 
fluorescence  was  converted  to  calcium  concentration  (nM)  and  cal¬ 
culated  in  real  time  for  individual  cells  analyzed.  The  cumulative 
calcium  flux  of  the  population  was  determined  by  integration  of  the 
(dot  of  mean  (Ca’*),  versus  time  after  the  cells  were  stimulated. 
'5"ij!ts  are  expressed  as  nM-s  of  calcium  in  .stimulated  cells  after  the 
raction  of  nM-s  of  calcium  in  unstimulated  cells. 

•teasuremenl  of  Anti- Ig-stimulated  PIP^  Turnover — For  measure¬ 
ment  of  PIP,  breakdown  B  cells  were  prepa.vd  as  above  and  cultured 
at  2  X  10"  cells/ml  in  the  presence  of  myo-(’H|inositoI  (20  >iCi/mI) 
overnight.  Cells  were  then  washed  three  times,  placed  in  polypropyl¬ 
ene  tubes  at  5  X  10‘/ml  at  0.2  ml/tube,  in  the  presence  of  10  mM  LiCI 
and  the  anti-IgG  Fey  receptor  antibody,  24G2  (10  #ig/ml).  and  kept 
at  37  ■  for  30  min.  Ligands  were  then  added,  and  the  incubation  was 
continued  for  an  additional  40  min.  After  the  incubation,  the  water- 
soluble  inositol  polyphosphates  were  isolated  by  the  addition  of  0.75 
ml  of  chloroform;methanol  (1:1)  and  then  0.25  ml  of  chloroform 
!''!!<iwed  by  0.25  ml  of  water.  Cultures  were  vortexed  and  spun  at 
'  K)  rpm  and  the  water  phase  separated  and  applied  to  a  Dowex  ion 
^vhange  column  from  which  the  inositol  polyphosphates  were  eluted 
with  1  M  sodium  formate,  0.1  M  formic  acid  (3). 

Measurement  of  Cellular  PKC  by  Western  Blotting — Immunoblot 
analysis  of  PKC  was  performed  as  described  previously  (28).  B  cells 
(2.5  X  10‘-5  X  10*)  were  lysed  in  buffer  containing  20  mM  Tris-HCl 
(pH  7.5),  1  mM  dithiothreitol,  0.5  mM  EDTA,  0.5  mM  EGTA,  10% 
glycerol,  and  0.5%  Nonidet-40.  Proteins  were  analyzed  by  sodium 
dodecyl  sulfate-(x>lyacrylnmide  gel  electrophoresis  (10%  gel)  and 
transferred  electrophoretically  to  a  nitrocellulose  membrane.  Immu¬ 
noblot  was  carried  out  by  usings  1,000-fold  dilution  of  a  goat  immune 
serum  raised  against  rat  brain  PKC  (a  kind  gift  of  Dr.  K.  P.  Huang, 
•-IH)  which  reacts  with  all  isoforms  of  PKC  followed  by  a  rabbit 
>:ili-goat  antibody.  Detection  of  immunorcactive  bands  was  done 
with  '“l-labeled  protein  A  followed  by  autoradiography  of  the  nitro¬ 
cellulose  membrane  for  24  h. 

PKC  Enzyme  Assay — Cell  extraction  was  carried  out  as  described 
previously  by  Aquino  et  al.  (29).  25  x  10*  B  cells/aasay  tube  were 
pelleted  and  lysed  in  200  pi  of  50  mM  Tris-HCl  (pH  7.5)  conUining 


10  mM  dithiothreitol,  2  mM  EGTA,  1%  Triton  X-lOO,  100  pg/ml 
leupeptin,  20  pM  (tepstatin,  5  pg/ml  aprotinin,  and  4  pg/mi  soybean 
trypsin  inhibitor  on  ice  for  30  min.  Subsequently,  the  suspension  was 
sonicated  at  4  "C  for  5  s  and  centrifuged  at  15,000  x  g  for  6  min  at 
4  *C  in  an  Eppendorf  microcentrifuge. 

PKC  DEAK-Sephurosu  Chromatography— AU  procedures  were  car¬ 
ried  out  at  4  ’C  in  a  batchwise  manner  in  Eppendorf  tubes.  A  30% 
suspension  of  DEAE-Sepharose  equilibrated  with  Buffer  A  120  mMj 
was  prepared,  0.1  ml  of  this  30%  suspension  was  pelleted  in  an 
Eppendorf  lube,  and  200  pi  of  the  soluble  extract  obtained  as  alx>ve 
was  added  for  2  min  followed  by  vigorous  vortexing.  The  resin  was 
washed  three  times  with  Buffer  A,  and  the  enzyme  was  eluted  with 
100  pi  of  Buffer  A  containing  0.3  M  NaCl.  Bio-Rad  protein  reagent 
was  used  to  quantify  protein  in  the  eluate  usingbovine  serum  albumin 
as  the  standard. 

Five  pi  of  the  DEAE-Sepharose  eluate  was  used  to  assay  F’KC 
activity  according  to  Aquino  et  al.  (29). 

RESULTS 

Brief  Exposure  of  B  Cells  to  Phorbot  Ester  Enhances  Anti- 
Jg-stimulated  B  Cell  Proliferation — The  fact  that  mitogenic 
concentrations  of  anti-lg  induce  the  release  of  diaeylglycerol 
(G,  7),  a  PKC  activator  (8),  is  consistent  with  the  possibility 
that  PKC  has  a  stimulatory  role  in  B  cell  activation.  However, 
observations  that  exposure  of  B  cells  to  phorbol  ester  inhibits 
early  signal  transduction  and  DNA  synthesis  suggest  that  the 
activation  of  PKC  may  also  inhibit  B  cell  activation  (1-3). 
One  possible  explanation  of  this  apparent  discrepancy  is  that 
the  low  avidity,  reversible  interaction  between  diaeylglycerol 
and  PKC  initiates  a  stimulatory  rather  than  inhibitory  effect 
whereas  the  irreversible,  high  .ividity  PKC-phorbol  ester  in¬ 
teraction  initiates  an  inhibitory  pathway.  To  explore  this 
possibility  we  treated  B  cells  for  30  min  with  the  phorbol  ester 
PDBU,  which  binds  to  PKC  with  a  lower  avidity  than  does 
PMA  and  can  be  effectively  washed  free  from  cells.*  This 
enabled  us  to  control  the  duration  of  PKC-phorbol  ester 
interaction.  After  a  30-min  culture  period  at  37  ’C  with  me¬ 
dium  or  100  ng/m!  PDBU,  B  cells  were  washed  extensively 
and  placed  in  culture  with  anti-5  antibody  (Table  I).  The  30- 
min  PDBU  pulse  enhanced  the  proliferative  response  of  B 
cells  that  were  cultured  with  anti-5  antibody.  Of  10  experi¬ 
ments  of  this  kind,  the  enhancement  in  thymidine  incorpo¬ 
ration  induced  by  pulse  with  PDBU  ranged  between  1.5-  and 
4-fold.  When  PDBU  vas  left  in  for  the  duration  of  cujture  at 
concentrations  of  lOo  ng/ml,  there  was  a  marked  suppression 
of  the  B  cell  proliferative  response,  confirming  previous  re¬ 
ports  (4,  5). 

To  exclude  the  possibility  that  enhancement  might  have 
resulted  from  the  continued  presence  of  very  low  concentra¬ 
tions  of  PDBU  which  remained  after  washing  and  which  may 
have  acted  synergistically  with  anti-Ig  to  induce  enhanced 
proliferation,  we  cultured  B  cells  with  enti-lg  together  with 
PDBU  at  concentrations  ranging  from  10"  to  10"*  ng/ml 
PDBU  and  evaluated  thymidine  incorporation  2  days  later. 
No  enhancement  was  observed  at  any  concentration  of  PDBU 
employed  (data  not  shown).  Although  this  finding  does  not 
exclude  the  possibility  that  low  concentrations  of  PDBU  may 
be  sequestered  in  the  cytoplasm  and  contribute  to  cell  acti¬ 
vation,  it  makes  it  considerably  less  likely.  When  an  inactive 
phorbol  ester  (4o-phorbol  12,13-dibutyrnte)  that  does  not 
bind  to  PKC  was  employed  instead  of  PDBU,  no  enhance 
ment  or  suppression  of  H  cell  stimulation  was  observetl  (not 
shown). 

In  an  attempt  to  demonstrate  ’hat  such  short  PDBU  pulses 
enhance  B  cell  stimulation  via  its  effects  on  PKC,  we  cultured 
B  cells  together  with  the  PKC  inhibitors  H-7  or  staurosporine 
in  the  presence  of  PDBU  for  the  30-tnin  |)ulse  iteriixl.  At  all 

*P.  RUiraherg,  personal  communirnlion. 
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Table  I 

/tctiiiotion  of  PKC  (or  brief  periods  of  time  enhances 
anti- fg- stimulated  B  cell  proliferation 
Resting  B  cells  were  cultured  with  PDBU  (100  ng/ml)  for :«)  min 
followed  by  two  rapid  washes  in  large  volumes  of  complete  medium 
and  placed  in  culture  with  an  optimal  mitogenic  concentration  of 
anti-IgD.  The  other  group  was  cultured  for  the  duration  of  the  culture 
period  with  PDBU  (100  ng/ml).  All  cultures  were  pulsed  with  [''H| 
thymidine  (1.0  MCi/ml)  at  24  h  and  harvested  18  h  later.  Thymidine 
incorporation  was  measured  as  described  und.r  “Experimental  Pro¬ 
cedures."  Results  are  expressed  as  the  arithmetic  mean  of  triplicate 
wells.  This  is  one  of  10  representative  experiments. 

Thymidine  incorporation 

_ _ Medium  PDBU  30-min  pulse  PDBU  rontinuoiia 

cpm 

Medium  719  ±  53  1,162  ±  96  .564  +  41 

Anti-IgD  5,432  ±  64,3  11,908  ±  1260  972  ±  22 


Table  II 

Effect  of  PDBU  treatment  on  PIP2  and  fCa‘*), 

Resting  B  cells  were  cultured  in  medium  or  PDBU  (100  ng/ml)  for 
30  min  or  18  h  followed  by  washing  at  4  *C  with  large  volumes  of 
complete  medium  and  then  with  the  addition  of  anti-IgD  for  40  min. 
Other  B  cells  were  cultured  with  PDBU  for  30  min  at  which  time 
•nti-IgD  antibody  was  added  for  an  additional  40  min  in  the  continued 
presence  of  PDBU  (PDBU  continuous  column).  Inositol  pho.sphates 
were  extracted  as  described.  For  analysis  of  intracellular  ionized 
calcium,  B  cells  were  loaded  with  indo  1  and  30  min  for  34  'C  and 
treated  with  PDBU  as  described  above.  Analysis  of  mean  peak 
[Ca*"J,  was  carried  out  as  described  under  “Experimental  Procedures." 

Medium  PDBU  PDBU  PDBU 

continuous  30- min  pulse  IH  h 

rpm  water-soluhle  phosphoinositides 

PlPj  hydrolysis 

Medium  131  ±  20  96  ±  15  104  ±17  110  ±  1.5 

Anti-IgD  343  ±  40  129  ±  22  246  ±  27  .546  ±  25 

_ (n.W)  [Ca^'l. 

Flow  cytometric  analysis  of  |  Ca'^ "  [, 

Medium  125  125  125  1'J5 

Anti-IgD  715  216  461  770 


concentrations  tested  which  inhibited  PKC  activity  there  was 
a  substantial  nonspecific  toxic  effect  on  B  celb.  We  therefore 
were  unable  to  conclude  definitively  that  PDBU  mediated  its 
effect  by  activation  of  PKC. 

It  may  be  atgued  that  PDBU  exerts  its  effect  via  potentia 
tion  of  early  PKC-independent  events  associated  with  B  cell 
activation.  Thus,  we  determined  whether  a  30-min  pulse  with 
PDBU  stimulates  the  early  events  of  B  cell  activation  re¬ 
flected  by  PIP2  turnover  and  calcium  mobilization.  B  cells 
were  pulsed  with  PDBU  for  various  times  followed  by  exten¬ 
sive  washing.  After  this  pretreatment,  anti-Ig-stimulated 
changes  in  lCa**Ji  and  hydrolysis  of  PIPi  were  measured. 
Although  treatment  with  PDBU  for  30  min  suppressed  PIP^ 
hydrolysis  and  calcium  mobilization  significantly  the  sup¬ 
pressive  effect  induced  by  this  short  exposure  to  PDBU  was 
very  short  lived  in  that  there  was  a  rapid  return  toward  control 
levels  of  stimulation  when  PDBU  was  removed  and  anti-lg 
stimulation  continued  for  an  additional  40  min  (Table  11). 
Enhancement  of  anti-Ig-stimulated  PIPj  hydrolysis  or 
[Ca**]i  was  never  observed  after  PDBU  pulsing  for  times 
ranging  from  5  to  45  min,  and  in  fact  there  was  always  a 
significant  suppression  of  the.se  early  biochemical  events  after 
short  pulses  with  PDBU.  This  suggests  that  the  stimulatory 
effect  on  B  cell  proliferation  produced  by  a  brief  PDBU  pulse 
is  not  mediated  by  piotentiation  of  [Ca**]j-related  or  PIP*- 
related  events  but  rather  is  related  to  activation  of  PKC. 


Fin.  1.  B  cells  were  cultured  with  medium  (■ - ■)  or  with 

PDBU  (• - •)  for  various  times  ranging  from  15  to  180  min 

and  then  washed  extensively  in  medium  with  10%  fetal  calf 
serum.  Cells  at  1  x  lO’/well  were  cultured  for  an  additional  44  ^ 
with  medium  only  or  with  anti-4  antibody  (10  jig/ml),  and  in. 
ration  of  the  [^H|thymidine  was  measured.  For  cells  that  wen-  i.a 
tured  in  medium  only  or  PDBU  only,  thymidine  incorporation  was 
275  and  210  cpm.  respectively.  These  results  represent  one  of  four 
representative  experiments. 
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Fig.  2.  Purified  B  cells  were  cultured  with  medium  or  with 
PDBU  for  60,  120,  or  180  min  and  overnight,  lysed  in  0.5% 
Nonidet  P-40,  and  immunoblotted  as  described  under  “Exper¬ 
imental  Procedures”  using  an  antibody  to  PKC  which  reacts 
with  all  the  isoform.s  of  PKC. 


Table  III 


Hapid  di’plettim  of  PKC  enzymatic  act  utty  after  short 
culture  of  li  cells  with  PDBU 

B  cells  were  cultured  with  medium  or  with  PDBU  for  2.  3.  i.r  . ' 
and  PKC  enzymatic  activity  determined  as  described  under  "Exper¬ 
imental  PriKedures."  This  experiment  is  one  of  three  representative 
experiments. 

_  B  cell  ciiluire  PKC  activity 


Medium 

PDBU  (200  ng/ml)  (2  h) 
(3h) 
(IHh) 


pmni/ phosphate/ m  i  n  luitfpcotein 
1.A5 
0.34 
0.22 

l.'rideteclable 


fnhibitory  Effect  of  f’DHlJ on  Anti-fg-mediated Sttmuh:0>>'t 
Is  Correlated  with  Depletion  of  PKC  but  Not  with  Inhibition 
of  (Ca^'J,  Increases— To  determine  the  kinetics  of  the  PDBU 
mediated  enhancement,  we  cultured  cells  for  15-180  min  with 
100  ng/ml  PDBU  followed  by  extensive  washing  and  cultot^ 
with  nnti-6  antibody  (Fig.  1).  Enhancement  of  anti-5  induced 
proliferation  was  observed  when  cells  were  pulsed  for  15-®0 
min  wi  th  PDBU.  Extending  the  length  of  the  PDBU  pwls«'<* 
120  min  eliminated  the  enhancement  of  proliferation. 
extending  the  length  of  the  pulse  to  180  min  supP'*  * 


liimodat Effect  of  l*horboi Uster on  ii  t'eU ActimdoH  4-ioi 

Table  IV  ; 

Phorbol  tsttr-mediattd  inhibition  of  anti-Ig-stimulaled  increases  in  (Cd**!,  does  not  suppress  D  ceil  prolift/  -  'c-fi 
Percoll-separated  reating  B  cells  were  treated  as  follows.  Group  1  was  cultured  for  60  min  in  medium;  an  .  iquoi 
was  then  stimulated  with  anti-IgD,  and  (Ca**).  wa.s  measured.  The  remainder  was  placed  in  culture  for  48  b,  e  -i 
(’H]thymidine  was  measured.  Group  2  was  cultured  with  100  ng/ml  PUBU  for  60  min;  an  aliquot  of  cells  waa  ther. 
stimulated  with  anti-IgD  in  the  presence  of  PDBU,  and  (Ca’*),  was  measured.  The  remainder  was  cultured  for  48 
h  with  anti-IgD  -f  PDBU,  and  pH]thymidine  wa.s  measured.  Group  .T  was  cultured  with  100  ng/ml  PDBU  for  60 
min  followed  by  extensive  washing;  an  aliquot  of  cells  was  then  stimulated  with  anti-IgD,  and  (Ca**!,  was  measured. 

The  remainder  was  placed  in  culture  with  anti-IgD  for  4.S  h  and  [’Hlthymidine  measured.  Group  4  was  cultured 
with  PDBU  for  15  min  prior  to  the  addition  of  anti-IgD  in  the  continued  presence  of  PDBU  for  an  additional  45 
min.  Cells  were  then  extensively  washed  free  of  PDBU  at  4  ’C.  An  aliquot  of  cells  was  then  stimulated  with  anti- 
IgD,  and  (Ca’*].  was  measured.  The  remainder  was  placed  in  culture  with  anti-IgD  for  48  h,  and  I’^HJthymidine 
was  measured.  Increases  in  [Ca**],  are  measured  ns  nM-s,  which  reflects  the  cumulative  calcium  flux  of  the 

stimulated  populations  over  a  6-min  time  period.  This  is  one  of  three  representative  experiments.  _ 

PDBU  treatment  Anli-Ig-mediated  stimulation  of 


0  min 

15  min 

ftO  min 

|Ca'-|, 

(■‘HJThymidine  incorporation 

nXf-s 

cpm 

Group  1 

Anti-lg 

,39, -100 

8,500 

Group  2 

PDBU 

PDBU  +  anti-Ig 

PDBU 

200 

500 

Group  3 

PDBU 

PDBU 

Wash  and  readd 

38,200 

8,838 

Group  4 

PDBU 

PDBU  +  anti-Ig 

U'.-ish  and  readd  anti-Ig 

3,500 

9,4.30 

proliferation  to  varying  degrees  (Fig.  1).  To  determine  if  the 
suppressive  effect  of  a  more  prolonged  pulse  of  PDBU  results 
from  PKC  depletion,  we  cultured  B  cells  in  medium  only  or 
with  PDBU  for  60,  120,  or  180  min  and  overnight  and  evalu¬ 
ated  total  cellular  PKC  by  Western  blotting  technique.s.  Al¬ 
though  there  was  significant  diminution  of  cellular  PKC  after 
treatment  of  B  cells  with  PDBU  for  60  min  there  was  little 
••  l  iable  PKC  remaining  after  treatment  for  180  min  (Fig. 
r'urthermore,  when  B  cells  were  treated  for  18  h  with 
I'DBU  there  was  no  significant  repletion  of  PKC  at  2-1  h  after 
the  removal  of  PDBU  (not  shown).  To  exclude  the  possibility 
that  the  anti-PKC  antibody  we  were  using  may  not  have 
detected  as  yet  unidentified  PKC  isozymes,  we  measured  PKC 
enzymatic  activity  in  B  cells  after  a  2-,  3-,  and  18-h  incubation 
period  with  medium  or  PDBU  (Table  III).  On  average,  less 
than  10%  of  enzymatic  activity  remained  after  cells  were 
cultured  for  18  h  with  10  ng/ml  PDBU.  These  data  demon- 
-'r.ire  that  the  kinetics  of  depletion  of  PKC  is  correlated  with 
r:inetics  of  the  suppressive  effect  of  PDBU  on  B  cell 
o,:ivation.  The  implication  of  this  observation  is  contradic¬ 
tory  to  the  previous  suggestions  that  the  suppressive  effect  of 
P.MA  on  B  cell  proliferation  is  due  to  inhibition  of  PIP;,  and 
[Ca^*},  which  is  mediated  by  activation  of  PKC  (4,  5).  In  fact, 
we  found  that  B  cells  that  were  depleted  of  PKC  showed 
enhanced  PIP2  hydrolysis  and  [Ca*^J,  mobilization  in  respon.se 
to  anti-lg  antibody  (Table  II,  PDBU  18  h  column).  In  order 
to  explore  this  point  further  we  designed  an  approach  that 
was  aimed  at  inhibiting  the  early  anti-Ig  stimulated  increases 
'  a‘"j.  using  phorbol  esters  and  determining  the  effect  on 
-il  DNA  synthesis.  Preincubation  of  B  cells  with  PDBU 
lor  15  min  at  37  *C  followed  by  the  addition  of  anti-Ig  anti¬ 
body  (without  washing  of  PDBU)  inhibited  to  almost  back¬ 
ground  levels  the  anti-Ig-induced  increases  in  [Ca**J,  and  in 
thymidine  incorporation  (Table  IV,  group  2).  Anti-Ig-me- 
diated  modulation  of  surface  immunoglobulin  (slg)  was  un¬ 
changed,  and  slg  was  rapidly  patched  and  capped  under  these 
conditions.®  A  parallel  group  of  cells  was  treated  similarly 
•with  PDBU  for  15  min  followed  by  anti-lg  (in  the  continued 
presence  of  PDBU)  for  an  additional  45  min  to  induce  mod- 
■  ‘on  of  slg  in  the  absence  of  elevations  in  (Ca**),  and  was 
tlirii  washed  twice  at  4  'C  to  remove  PDBU  and  to  prevent 
regeneration  of  slg  that  had  been  modulated.  These  washed 
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cells  were  divided  into  two  groups  for  determination  of  stim¬ 
ulation  of  [Ca’^*],  and  thymidine  incorporation  after  the  read¬ 
dition  of  anti-Ig  antibody  in  the  absence  of  PDBU  (Table  IV, 
group  4).  A  greater  than  90%  diminution  in  stimulation  of 
(Ca**),  was  ob.served,  even  in  the  absence  of  PDBU.  Control 
groups  of  B  cells  that  had  been  pulsed  with  PDBU  for  60  min 
in  the  absence  of  Ig  receptor  modulation  followed  by  washing 
showed  nearly  normal  increases  after  anti-lg  stimulation  of 
[Ca‘*j.  (Table  IV,  group  3),  indicating  that  the  PDBU-me- 
diated  inhibitory  effect  was  rapidly  reversible.  Thus,  the  ab¬ 
sence  of  detectable  anti-Ig  antibody  stimulated  calcium  mo¬ 
bilization  in  the  cells  that  had  been  treated  with  anti-Ig  + 
PDBU  followed  by  washing  was  not  a  result  of  residual  PDBU 
but  reflected  either  desensitization  of  B  cells  by  prior  exposure 
to  anti-lg  or  the  inability  of  anti-lg  to  stimulate  large  increases 
in  PIP2  hydrolysis  in  B  cells  that  had  had  most  of  their  slgD 
removed  by  prior  exposure  to  stimulating  concentrations  of 
anti-IgD  antibody.  Despite  the  greater  than  90%  suppression 
of  increase  in  ICa  "],.  these  B  cells  that  had  been  pretreated 
with  PDBU  and  anti-Ig  antibody  proliferated  in  response  to 
anti-lg  antibody  with  a  magnitude  comparable  to  that  of 
control  cells.  These  B  cells  that  had  been  pretreated  with 
PDBU  and  anti-lg  antibody  and  recultured  in  the  constant 
presence  of  anti-A  antibody  for  the  duration  of  the  culture 
period  expres.sed  barely  detectable  amounts  of  sIgD  and  could 
not  be  stimulated  to  show  any  additional  increases  in  (Ca^*),. 
Thus,  any  sig-mediaicd  PllVdependent  signals  that  might 
occur  at  later  times  in  the  response  would  be  stimulated  at 
very  low  levels,  if  at  all.  These  data  demon.strate  that  the 
phorbol  ester-mediated  inhibition  of  (Ca'*],  and  PlPj  is  not 
necessarily  a.ssociated  with  suppression  of  proliferation,  thus 
.supporting  the  hypothesis  that  PDBU-mediated  suppression 
of  B  cell  activation  may  result  from  PKC  depletion. 

DISCU.SSION 

The  consensus  of  the  numerous  studies  investigating  the 
effects  of  phorlKil  ester  on  B  cell  activation  is  that  it  inhibit.s 
anti-Ig-mediated  murine  .splenic  B  cell  activation  (4,  5)  and 
stimulates  human  B  cell  activation  (30)  by  itself  or  in  con¬ 
junction  with  anti-lg  (31).  Although  it  haslieen  demonstrated 
recently  that  PMA  can  also  stimulate  proliferation  in  a  dis¬ 
crete  population  »)f  murine  Lyl*  B  cells  (32),  all  reimrts  to 
date  that  study  I,yl'  murine  B  cell  activation  indicate  that 
PKC  has  a  marked  inhibitory  influence  on  both  early  and  late 
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B  cell  activational  events.  Thus,  phorbol  esters  inhibit  anti- 
Ig-stimulated  PIPj  hydrolysis  and  increases  in  |Ca**J,  as  well 
as  the  later  event  of  B  cell  DNA  synthesis  (1-5).  The  data  in 
this  paper  demonstrate  a  bimodal  effect  of  phorbol  ester  on 
B  cell  activation  and  suggest  that  the  ability  of  a  phorbol  ester 
to  inhibit  these  early  activational  events  may  not  account  for 
its  ability  to  inhibit  anti-Ig-stimulated  B  cell  proliferation. 
Thus,  when  surface  Ig  was  modulated  under  conditions  in 
which  little  increase  in  [Ca’*],  or  in  PIP^  hydrolysis  was  noted, 
the  resultant  slg  “sparse”  B  cells  were  stimulated  to  prolifer¬ 
ate  by  anti-Ig  with  no  significant  diminution  in  their  re¬ 
sponses.  This  suggests  that  suppression  of  PIP,[  hydrolysis 
and  of  ICa**]i  mobilization  by  PDBU  is  not  necessarily  asso¬ 
ciated  with  inhibition  of  the  proliferative  response.  In  addi¬ 
tion,  we  demonstrate  that  after  prolonged  exposure  of  B  cells 
to  PDBU  there  is  an  increase  in  anti-Ig-medi.ited  elevations 
in  PIP2  hydrolysis  and  (Ca^*]j  without  induction  of  prolifer¬ 
ation.  This  result  supports  the  conclusion  that  the  inhibitory 
effect  of  PDBU  on  proliferation  is  not  due  to  inhibition  of 
[Ca**)i  and  PIP-^.  The  time-dependent  inhibitory  effect  of 
PDBU  on  B  cell  proliferation  was  associated  more  closely 
with  a  time-dependent  decrease  in  PKC  activity. 

Our  data  therefore  are  more  supportive  of  the  hypothesis 
that  the  prolonged  exposure  of  B  cells  to  phorbol  esters  is 
inhibitory  because  PKC  is  reduced  markedly  within  a  rela¬ 
tively  short  time  (3  h)  after  PDBU  treatment,  and  anti-lg- 
mediated  stimulation  requires  that  PKC  be  present  in  the  B 
cell  above  a  threshold  level  for  a  period  greater  than  3  h.  Not 
only  was  PKC  activation  per  se  not  inhibitory  to  B  cell 
activation,  it  was  stimulatory,  thus,  short  exposure  of  B  cells 
to  PDBU  enhanced  its  subsequent  proliferative  response  to 
anti-Ig. 

Taken  together,  these  data  suggest  that  phorbol  esters  can 
mediate  both  stimulatory  and  inhibitory  effects  on  B  cells.  A 
similar  phenomenon  describing  the  effects  of  short  or  pro¬ 
longed  exposure  of  cells  to  PDBU  has  been  reported  in  neu¬ 
trophils  (34).  Thus,  neutrophils  that  are  primed  for  30  min 
with  PMA  show  enhanced  fMet-Leu-Phe-stimulated  super¬ 
oxide  generation  but  inhibition  of  [Ca’*|,  (,‘).5-.37).  Other  stud¬ 
ies  demonstrated  that  short  pulses  of  neutrophils  with  diacyl- 
glycerol  may  lead  to  either  a  priming  or  inhibition  of  respi¬ 
ratory  burst  (38-40).  Our  data  also  suggest  that  the  avidity  or 
the  duration  of  binding  of  agonists  to  PKC  may  play  a  critical 
role  in  determining  whether  stimulatory  or  inhibitory  path¬ 
ways  are  recruited.  Thus,  a  short  pulse  with  PDBU  may  mimic 
more  closely  the  reversible  binding  that  may  be  observed  with 
binding  of  low  concentrations  of  diacylglycerol  to  PKC,  which 
would  result  in  B  cell  activation,  than  the  tight  irreversible 
binding  of  PMA  which  leads  to  inhibition.  This  hypothesis  is 
supported  by  two  recent  reports.  One  demonstrates  that  PMA 
but  not  l-oleoyl-2-acetylglycerol,  a  physiologic  PKC  activator, 
induced  the  translocation  of  PKC  from  the  cytoplasm  to  the 
membrane.  l-Oleoyl-2-acetylglycerol  was  only  effective  in 
syner^zing  with  ionomycin  in  inducing  PKC  translocation 
(40).  Furthermore,  PKC  translocation  induced  by  l-oleoyl-'i- 
acetylglycerol  and  ionophore  was  a  transient  phenomenon  as 
compared  with  the  long  lasting  translocation  mediated  by 
PMA.  A  more  recent  report  demonstrated  that  a  short  expo¬ 
sure  of  T  cells  to  diacylglycerol  analogues  stimulates  enhanced 
expression  of  interleukin  2  receptors  wher'’is  prolonged  ex¬ 
posure  to  these  analogues  or  to  PMA  leads  to  interleukin  2 
secretion  (41).  These  data  support  a  recent  report  that  sug¬ 
gested  that  the  role  mediated  by  the  hydrolysis  products  of 
PIP,  in  vitro  may  be  quite  different  from  that  mediated  by 
phorbol  esters  (42).  Furthermore,  it  indicates  the  need  for 
caution  when  phorbol  esters  are  used  as  a  tool  to  examine  the 


role  of  PKC  in  cellular  activation. 
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